Abstract. In order to overcome the influence of the structural resonance on the continuous structures and obtain a lightweight thin-layer structure which can effectively isolate the low-frequency noises, an elastic membrane structure was proposed. In the low-frequency range below 500 Hz, the sound transmission loss (STL) of this membrane type structure is greatly higher than that of the current sound insulation material EVA (ethylene-vinyl acetate copo) of vehicle, so it is possible to replace the EVA by the membranetype metamaterial structure in practice engineering. Based on the band structure, modal shapes, as well as the sound transmission simulation, the sound insulation mechanism of the designed membrane-type acoustic metamaterials was analyzed from a new perspective, which had been validated experimentally. It is suggested that in the frequency range above 200 Hz for this membrane-mass type structure, the sound insulation effect was principally not due to the low-level locally resonant mode of the mass block, but the continuous vertical resonant modes of the localized membrane. So based on such a physical property, a resonant modal group theory is initially proposed in this paper. In addition, the sound insulation mechanism of the membrane-type structure and thin plate structure were combined by the membrane/plate resonant theory.
Introduction
The locally resonant phononic crystal had been put forward in 2000 [1] , and the regulation of low-frequency and large-wavelength mechanical wave was realized through employing a small-sized structure, which presented a new thought for the vibration and noise reduction in the lowfrequency ranges. After that, a great number of locally resonant phononic crystal structures were designed, such as the one-dimensional torsional shaft and bending beam [2] , the two-dimensional thin-shell ones of two tuples and triples [3] [4] [5] [6] . One of the practical realizations of locally resonant elastic metamaterials is the construction of a periodic array of pillars on a plate [7] [8] [9] [10] [11] . In the recent years, the phononic crystal have become a hot topic, and several special physical phenomena have been revealed by the researches [12] [13] [14] [15] [16] .
However, it is difficult to put the structures with excellent vibration reduction ability in the thickness direction into the applications of the vibration and noise reduction for aircrafts and automobiles due to the oversize mass. Numerous researches have been conducted for a e-mail: ejhwu@mail.xjtu.edu.cn the important applications of the acoustic metamaterials in low-frequency noise and vibration reduction [17] [18] [19] [20] [21] . Particularly, a membrane-type acoustic metamaterials with a dynamic negative mass had been proposed in 2008 [22] , and the oblique incidence acoustic absorptivity, especially in the range of 100-1000 Hz, was tested by the standing impedance tube method, which provided a new solution for engineering vibration and noise reduction [23, 24] .
The membrane exhibits an outstanding sound absorption capability of due to its peculiar mechanical behavior. In architectural acoustics, there are specific thin-film sound absorbing structures. When the thin-film is equipped on the keel with a suitable installation distance, it exhibits a favorable sound absorption capability within a wider frequency band, with the acoustic absorptivity exceeding 0.6 approximately from 250 Hz to 4000 Hz. The noise reduction proves much more urgent than the vibration reduction at the low frequencies in the engineering applications, and the complicacy increases with the consideration of the actual application environment. Low frequency noise has long been regarded as a pernicious form of environmental pollution mainly due to its high penetrating power. Thus, acoustic metamaterials
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The European Physical Journal Applied Physics panels for sound attenuation in the range of 50-1000 Hz were developed [24] to effectively insulate the middle and low frequencies noise. However, the STL is relative small when the thickness in the literature is as small as the present sound insulation EVA parts, i.e., single layer, especially below 500 Hz. Therefore, if we want to replace the EVA part by such a membrane acoustic metamaterial with excellent sound insulation or absorption performances, it is extremely indispensable to design and investigate acoustic metamaterial structures with excellent acoustic performance.
Following the previous membrane-type acoustic metamaterials [17, [22] [23] [24] , in this study, a membrane-type acoustic metamaterials with low surface density and more excellent sound insulation ability than those proposed in previous literatures was presented and experimentally analyzed, and this paper is constructed as follows: firstly, the tension dependence problem existing in membranetype metamaterials was analyzed and one solution was proposed. Subsequently, a structure was designed to conduct the sound insulation performance test, which could overcome the tension dependence. Finally, based on the band structure, modal shapes, as well as the sound transmission simulation, and combined with the test result, the sound insulation mechanism of the designed membrane-type acoustic metamaterials was analyzed from a new perspective, and a resonant modal group theory is proposed.
Methods and materials
In the previous literatures, the film thickness (0.1 ∼ 0.3 mm) of the membrane-type acoustic metamaterials was smaller [22] [23] [24] , and it was difficult to control the tension force. However, the tension exhibits extensive influence on the sound absorption ability. As a consequence, it is indispensable to reduce the influence of the tension in practical engineering applications. It was theoretically demonstrated that an increase in the film thickness could directly reduce the influence of the initial tension force on the sound absorption, which would make it difficult for the film to produce a larger stretch. Therefore, the difference among different installation conditions would decrease, and the acoustic performance became steady. Nevertheless, both the tension reduction and the change of thickness would reduce the structural sound absorbing ability. Thus, it is necessary to develop a more in-depth study. Meanwhile, two sets of film with different thickness, i.e., 0.5 mm and 1 mm respectively, were adopted to reduce the dependence on the tension force. Different from the structures in literature [22, 23] , this study constructed the centro-symmetric mass blocks with square lattices. All of the mass block, the surrounded frame and the lattice shape may change the acoustic property of the membrane-type acoustic metamaterials. Here, two types of mass blocks -the cylinder type and the ring type were selected, with the plastic and flexible EVA frames respectively, wherein EVA is the most widely used sound insulation material in automotive trims.
The unit structures proposed in this study are similar to those in reference [24] except the following differences: (1) increase the film thicknesses to reduce the tension dependence of the elastic membrane; (2) the sizes of the overall structure in thickness direction are also reduced (the thickness of single layer in the literature is 15 mm, and that in this study is less than 5 mm); (3) replace the rigid plastic frame by a flexible EVA frame to broaden the range of applications; (4) the STL of single layer is significantly improved, which surmounts an important limit. The STL is relative small if the film thickness is as small as the present sound insulation EVA parts in the literature, especially at the frequency below 500 Hz, while the STL in this study is much larger than that of EVA at the frequency below 500 Hz. Therefore, it is expected to replace the existing insulation structure by our acoustic metamaterial. Meanwhile, for the structure with the appropriate mass, increasing the film thickness could greatly improve the sound insulation ability of structure, which will be demonstrated later. And to increase the sound insulation ability continuously, a vibration characteristics changing from the film structure to the thin plate structure can be triggered, wherein the former one depends on the film tension, yet the later one no longer depends on the tension. In addition, the STLs of references [22, 24] are measured by an improved impedance tube system, wherein the samples are fixed by the two side of tubes, i.e., the boundary is clamped. The STLs in this study are measured by standard B&K type-4026 impedance tube system, wherein boundary of the sample is equivalent to be free. So, the amplitude of the sample with clamped boundary is larger than that in the actual situation, as well as that of the sample with free boundary condition.
Thin-film with a thickness of 0.1 mm was employed mainly to obtain the best sound absorption ability [23] . Actually, in practical applications of aircraft and automotive equipment, the low-frequency resonance phenomenon proves rather prominent due to the thin-shell body, which will bring about the poor sound insulation ability of the insulation components at low frequencies. Therefore, it is indispensable to propose a method to overcome the resonance of thin-shell parts and improve the sound insulation performance at low frequencies. Based on the theory of acoustic metamaterials, this paper principally aimed to design a lightweight thin structure to substitute the existing sound insulation components.
The lattice constant of 24 mm was adopted for all the specimens, wherein the intermediate film was 20 mm in both length and width, and the frame was 2 mm in both edge length and thickness. The cylindrical mass blocks consisted of iron sheets, which was 6 mm in radius and 1 mm in thickness. However, the ring-shaped mass blocks with the same thickness as the cylindrical mass blocks was 3 mm and 9 mm in the inner and outer diameters, respectively. Additionally, the plastic frame was machined through 3D printing, while the EVA one was processed by knife tools. Meanwhile, the cylindrical sheet was machined 30504-p2 To test the structural acoustic insulation ability in the direction perpendicular to the incident direction by the standing impedance tube method, the B&K type-4026 impedance tube test system was employed as the main experimental device, and the specimens were 100 mm in diameter with the lower limit of the effective cutoff frequency being 200 Hz. And a pure flexible 2.5 mm-thick EVA specimen was adopted as the control group. After clamping the specimens, the edges were sealed with plasticine to guarantee no sound leakage. The test device was shown in Figure 1e , where the test frequency ranged from 200 to 1600 Hz.
Results and discussions

Experiment sound insulation ability
To analyze the sound insulation mechanism, the lattice models corresponding to the two sets of specimens were eventually constructed to solve the band structure and modal shapes, wherein one set was constituted of a cylindrical mass block, a 0.5 mm-thick film and a plastic frame; while the other one consisted of a ring mass block, a 1 mm thick film and a plastic frame. Due to the complex material parameters of EVA, specimens both with plastic frame were selected for analysis.
The sound insulation quantity, also known as STL, is used to measure the sound insulation ability of the structure, which is a function of the reciprocal of transmission coefficient τ , where τ is the ratio between the transmission sound power W t and incident sound power W i , i.e., τ = Wt Wi . Here, STL = 10 log 1 τ . In Figure 2 , the STL of two sets of plastic frame specimens with film thickness of 0.5 mm were compared to that of the control group, wherein it could be seen that within 200-368 Hz and the STL of the cylindrical mass block with radius of 6 mm was 5-10 dB (8 dB in average) higher than that of the control group. While the STL was between 200 Hz and 400 Hz, the STL of the ring mass block with 3 mminner-diameter and 9 mm-outer-diameter was higher than that of the control, particularly when it was approximately 5 dB higher than the average value between 200 Hz and 300 Hz. Overall, between 200 Hz and 500 Hz, the STL of the control group exhibited an approximately linear increase with the frequency. As EVA has a much higher STL than the ordinary sound insulation materials, it becomes the mainstream for automotive interior trim parts. While the membrane-type acoustic metamaterials specimens with average surface density and thickness smaller than those of EVA designed in this paper exhibited a much higher sound insulation in low frequency than EVA, indicating that the structure designed was equipped with an outstanding low-frequency sound insulation capacity.
In order to investigate the influences of the film thickness and the frame material on the sound insulation ability, several groups of STLs for the two types of mass blocks under different film thicknesses and frames are shown in Figure 3 . For the two sets of specimens with the same plastic frames, the STL of the one with thickness of 0.5 mm
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The European Physical Journal Applied Physics within 200-275 Hz proved about 2 dB in average higher than that of the 1 mm-thick one; while within the range above 275 Hz, the 1 mm-thick specimen exhibited a higher STL than that of the 0.5 mm-thick one, and especially the maximum difference reached 10 dB when the STL was above 400 Hz. For the two sets with the same film thickness of 1 mm, the specimen with EVA frame exhibited a higher STL than that of the plastic one when the STL was within 200-350 Hz, 5 dB higher in average than the STL of the control group, and the maximum difference reached up to about 12 dB. While between 350 Hz and 500 Hz, the STL of the plastic one got higher than that of the EVA one. And when it was above 500 Hz, the gain increased, which was associated with the case that EVA is higher than plastic and rubber in the density, and the higher the frame density, the better the sound insulation ability at low frequencies.
The STL of the cylindrical mass block specimens are shown in Figure 3b . For the two sets of specimens with the same plastic frames, almost among the entire frequency band, the STL of the 0.5 mm-thick one proved higher than the STL of the 1 mm-thick one, with the highest difference of approximately 15 dB; while only in the band between 200 Hz and 300 Hz, the 1 mm-thick specimen exhibited a higher STL than the control group, approximately 5 dB higher in average. For the two sets with the same 1 mm-thickness film, almost among the whole frequency band, the specimen with EVA frame exhibited a higher STL than the plastic one, with the maximum difference more than 10 dB and an average difference approximately 8 dB in the band above 260 Hz. Overall, beyond a certain frequency, the STLs of the membrane-type acoustic metamaterials specimens proved lower than that of the control group. That is, a better sound insulation ability of this type of thin-film specimen could be exhibited only at low frequencies.
Furthermore, it could be seen from the STLs in Figure 3 that the EVA frame easier to be machined with lower cost exhibited better low-frequency sound insulation ability than the plastic one. In addition, to some extent, such a structure could be considered as a special springmass vibration system, wherein the rigidity frame plays a role as localized stiffness, film as springs which stiffness depends on the tension, and iron as mass. In this vibration system, only the ratio between the film stiffness to the mass located in a certain range, the dynamic negative mass features could be aroused. So when the film thickness reaches a certain value, the STL would be reduced if no weight increases in the mass block. It means that with the influence of the mass block and the increases of the film thickness, the STL could not always increase in the overall ranges; on the contrary, in some frequency range, it will decrease. The steel plates not only play a role as the mass, but also a scatter. Therefore the STL also could be influenced by the material parameters relationship between the mass, frame and membrane. As a consequence, suitable selections of the film thickness, weight and shape of the mass block were likely to increase the STL of the membrane-type acoustic metamaterials. In theory, the larger difference of the material parameters between the mass and film, as well as that of the frame and the film, the better the sound insulation effect will be.
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(a) (b) (c) Fig. 4 . The band structure, (a) the overall band structure of the sample with 0.5 mm film thickness, 6 mm radius of the cylindrical mass; (b) the enlarged partial band structure of the sample with 0.5 mm film thickness, 6 mm radius of the cylindrical mass; (c) the band structure of the sample with 1 mm film thickness, 3 mm inner radius and 9 mm outer radius of the ring mass.
Modal analysis and band structure
In order to conduct an in-depth analysis of the sound insulation mechanism of these membrane type metamaterials, Figure 4 shows the band structures of more than two plastic frame units, wherein the cylindrical unit is with 0.5 mm-thick film and the ring unit is with 1 mm film thickness. In our calculations, the mass density, Young's modulus and the Poisson ratio of the rubber are 1300 kg/m 3 , 1.175e5 Pa and 0.469, respectively; and for plastic material, those are 1190 kg/m 3 , 2.2e9 Pa and 0.375, respectively [17] . As seen from the figure, there exists no band gap within the effective frequency band (200 Hz or larger) under the test of the two units and only some bending wave band gap with certain width within 200 Hz.
The first band gap of the cylindrical unit is rather small, only about 7 Hz (15.7-22.3 Hz), but a wider second band gap with the width of 60 Hz (107.8-167.8 Hz) could be obtained; while that of the ring unit is wider, about 75 Hz (106-181 Hz), which denoted the special mechanical behavior of the membrane-type acoustic metamaterials. Even if not within the band gap, the structure could still get a favorably high sound insulation. So as to illustrate this particular insulation mechanism, several modes of the two units are required to be analyzed.
The modal shapes of the points identified in Figure 4 were shown in Figure 5 , from which the band gap width in the Z direction of the band structure could be recognized, wherein A1 and A2 corresponded to the upper and lower boundaries of the first band gap in Figure 4b , respectively,
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The European Physical Journal Applied Physics Fig. 5 . The modal shapes of some key points, A2-A28 are the modes of the cylindrical mass unit in Gama point in turn, A1 is the mode of the cylindrical mass in M point; B2-B4 are the modes of the ring mass unit in Gama point signed in band structure, B1 is the mode of the ring mass in M point.
and B1, B3 to those in Figure 4c , respectively. As seen from these figures, except for the band gap below 200 Hz given in Figure 4 , the Z-direction modes of the remaining frequencies were all resonant modes of the membrane. That is to say, the vibrations in the frequency bands with larger STL in Figure 3 were all Z-direction vibrations, rather than the local resonance of the mass block. In addition, for the cylindrical mass block unit, resonant modes are almost along Z-direction within the frequency band (200-360 Hz) with higher STL in Figure 3 , which indicated that although the Z-direction resonance of the film could not open the band gap in the band structure,
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it could dramatically improve the STL. In other words, the sound insulation capability of the metamaterials proposed in this paper was mainly determined by the resonance property of the film.
The purple solid curves of Figure 4 denoted the modes in Z-direction, and from Figures 4a and 5 it could be seen that for the cylindrical mass structure, all modes in Gama point from A8 to A28 were Z-direction modes rather than any XY modes, and the outer frame kept relative static, which means that within this range the vibration energy is localized in the inner of unit as the Z-direction vibration. This indicated that the energy of the incoming mechanical wave could be largely converted to the vibration kinetic energy of the inner membrane, keeping the frame basically static. Thereby, the transmission ability of the mechanical wave in this band was significantly reduced, followed by that the STLs are improved. Such special acoustic performance was determined by the concentrated local vibration characteristics of the film in Z-direction, and similar explanation are also mentioned in the literature [22] [23] [24] . However, due to the differences of the structure, the mechanisms of references [23, 24] were different. Meanwhile, the role of the membrane did not seem very clear. In order to more clearly reveal the mechanism of sound absorption and insulation of such membrane-type acoustic metamaterials, a modal analysis of the structure proposed by reference [23] was also developed. The result suggested that the vibration modes of the rubber membrane with 0.1 mm thickness be very intensive, with only about 0.1 Hz interval and mainly the Z-direction vibration mode, which also corresponds to the results of Figure 5 . Since the rigidity of membrane in the literature was small, the membrane modes are dense under the low vibration frequency, and such a property can reach to the extreme in mammalian cochlea [19] . With the film thickness increasing to 0.5 mm, although the vibration modes stay intense, the average interval is larger than 10 Hz. Continuing to increase the film thickness to 1 mm, the vibration characteristics were generally close to that of the thin plate. In this case, the physical mechanism is unified with the previous phononic crystal consisting of cylindrical dots deposited on a thin homogeneous plate [8] .
For the structures proposed in this study, the tension dependence of the membrane is reduced with the increasing membrane thickness. Therefore the vibration characteristic was close to that of a thin plate, especially in the case of the samples with 1 mm-thick film. It is known that for the finite thickness plate, there existed a number of symmetric and anti-symmetric Lamb wave modes and shear-horizontal wave mode 8 . The mechanical wave applied on the unit was equivalent to a load excitation in all direction. For elastic medium suffering the external force, the media would derive an additional interaction force (internal force) and deformation (strain) between the adjacent parts and the entire structure to enter the elastic wave motion state. Due to the presence of shearing force among the media, all the three modes of structure could be aroused and the bending wave would propagate in the plate forms. For the local resonant type units, it is suggested that the local resonant band gap be generated by the interaction between the local resonant modes of the unit and the traveling wave modes in the plate according to the formation mechanism of band gap. The lowest edge frequency of the band gap was generally determined by the natural local resonant frequency of the unit, and the width of the band gap by the interaction strength.
From the modes in Figure 5 , it could be seen that the structure with 0.5 mm-thick film have still exhibited the typical vibration characteristic of the membrane type structure (i.e., intensive modes in Z-direction), while the vibration characteristic of the structure with 1 mm-thick film be close to that of thin plate structure. Taking the ring mass structure as an example, due to the presence of the local resonant and the interaction with the traveling wave in the membrane, the original bending wave dispersion curves of the membrane (labeled in A0 of Fig. 4c ) and the straight lines of the local resonant (labeled in B and C of Fig. 4c ) cut off each other, followed by a bending wave band gap. For the local resonant mode A and antisymmetric Lamb wave (A0 mode) in band structure of Figure 4c , their modal shapes were shown in Figure 5 (B1 and B3 respectively). Due to their polarization directions along the Z-direction, mode A could be easily excited by the anti-symmetric Lamb wave propagation in plate, and there was a strong coupling between them. When the corresponding lines intersected with each other, they could be mutually exclusive and truncated in the band structure, so a band gap upon the straight lines was generated in the Z-direction (i.e., bending wave band gap shaded in Fig. 4c ).
Conclusions
In this study, through a membrane-type acoustic metamaterial with excellent sound insulation ability, the following novel results are experimentally and theoretically obtained:
1. Suitable selections of the film thickness, weight and shape of the mass block are likely to increase the STL of the membrane-type acoustic metamaterials. And to increase the STL continuously, a vibration characteristics changing from that of the film structure to the thin plate structure can be triggered, wherein the former one depends on the film tension, while the later one does not. It means the sound insulation mechanism of the membrane-type structure and thin plate structure are unified by the membrane/plate resonant theory. 2. In the low-frequency range below 500 Hz, the STL of this membrane type structure is greatly higher than that of the common sound insulation material EVA in vehicle. Compared with the previous membrane-type acoustic metamaterials, the STL is obviously improved in the range below 500 Hz, and the structure is more flexible. 3. Band structure represents a special mechanical behavior of the membrane-type metamaterials, i.e., even if not within the band gap, the structure could still get
30504-p7
The European Physical Journal Applied Physics a favorably higher STL. For this type of structure, the vibration modes of the film in low-frequency range are very intensive and mainly behave as the Z-direction vibration mode, which means that the sound insulation capability of the membrane-type acoustic metamaterials proposed in this paper is generally determined by the resonance property of the membrane.
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